Methylobacterium sp. strain CRL-26 grown in a fermentor contained methane monooxygenase activity in soluble fractions. Soluble methane monooxygenase catalyzed the epoxidation/hydroxylation of a variety of hydrocarbons, including terminal alkenes, internal alkenes, substituted alkenes, branched-chain alkenes, alkanes (C1 to C8), substituted alkanes, branched-chain alkanes, carbon monoxide, ethers, and cyclic and aromatic compounds. The optimum pH and temperature for the epoxidation of propylene by soluble methane monooxygenase were found to be 7.0 and 40°C, respectively. Among various compounds tested, only NADH2 or NADPH2 could act as an electron donor. Formate and NAD+ (in the presence of formate dehydrogenase contained in the soluble fraction) or 2-butanol in the presence of NAD+ and secondary alcohol dehydrogenase generated the NADH2 required for the methane monooxygenase. Epoxidation of propylene catalyzed by methane monooxygenase was not inhibited by a range of potential inhibitors, including metal-chelating compounds and potassium cyanide. Sulfhydryl agents and acriflavin inhibited monooxygenase activity. Soluble methane monooxygenase was resolved into three components by ion-exchange chromatography. All three compounds are required for the epoxidation and hydroxylation reactions.
Methylobacterium sp. strain CRL-26 grown in a fermentor contained methane monooxygenase activity in soluble fractions. Soluble methane monooxygenase catalyzed the epoxidation/hydroxylation of a variety of hydrocarbons, including terminal alkenes, internal alkenes, substituted alkenes, branched-chain alkenes, alkanes (C1 to C8), substituted alkanes, branched-chain alkanes, carbon monoxide, ethers, and cyclic and aromatic compounds. The optimum pH and temperature for the epoxidation of propylene by soluble methane monooxygenase were found to be 7.0 and 40°C, respectively. Among various compounds tested, only NADH2 or NADPH2 could act as an electron donor. Formate and NAD+ (in the presence of formate dehydrogenase contained in the soluble fraction) or 2-butanol in the presence of NAD+ and secondary alcohol dehydrogenase generated the NADH2 required for the methane monooxygenase. Epoxidation of propylene catalyzed by methane monooxygenase was not inhibited by a range of potential inhibitors, including metal-chelating compounds and potassium cyanide. Sulfhydryl agents and acriflavin inhibited monooxygenase activity. Soluble methane monooxygenase was resolved into three components by ion-exchange chromatography. All three compounds are required for the epoxidation and hydroxylation reactions. Leadbetter and Foster (18, 19) first suggested that the initial oxidation of methane involves an oxygenase reaction. Strong evidence for the involvement of an oxygenase in the oxidation of methane came from the direct isolation of CH318OH as a product of methane oxidation by cell suspensions of methane-utilizing bacteria (13) . Subsequently, there were reports on methane-stimulated NADH2 oxidation and oxygen consumption catalyzed by the particulate fractions derived from the obligate methylotrophs Methylococcus capsulatus, Texas strain (28) , and Pseudomonas methanica, Texas strain (9).
Tonge et al. (37, 38) purified the methane monooxygenase enzyme system from particulate fractions derived from the obligate methaneutilizing bacterium Methylosinus trichosporium OB3b and identified three components required for activity. In contrast to this system, Colby et al. (4) (5) (6) (7) reported a soluble methane monooxygenase from the obligate methane-utilizing bacterium Methylococcus capsulatus, Bath strain, that catalyzed the epoxidation of n-alkenes and the hydroxylation of n-alkanes.
Stirling et al. (33, 34) reported that Methylosinus trichosporium OB3b contained a soluble methane monooxygenase activity similar in many respects to the soluble methane monooxygenase from Methylococcus capsulatus Bath. They presented results contrary to the previous report by Tonge et al. (38) in the localization of enzyme activity, electron donor specificity, and inhibition by copper-and iron-chelating compounds.
Recently we discovered the epoxidation of nalkenes and the hydrooxylation of n-alkanes by cell suspensions and cell-free particulate fractions of methane-utilizing bacteria (14, 29) .
In this report we present properties of a soluble methane monooxygenase from a facultative methane-utilizing bacterium, Methylobacterium sp. strain CRL-26.
MATERIALS AND METHODS Organisms. The facultative methane-utilizing organism Methylobacterium sp. strain CRL-26 was isolated from soil samples by enrichment culture, using methane as a carbon source, as described previously (25) . The organisms were maintained on mineral salts (10) agar plates in a desiccator under an atmosphere of methane-air (1:1, vol/vol) at 30°C.
Growth of organisms. Organisms were grown in small scale at 30°C in 2.8-liter flasks containing 800 ml METHANE MONOOXYGENASE FROM METHYLOBACTERIUM SP. of mineral salts medium (10) with methane (methaneair, 1:1, by volume) as the sole carbon and energy source. Cells were harvested after 24 to 48 h by centrifugation at 10,000 x g for 15 min. A larger-scale culture was grown on methane at 30°C in batch culture on mineral salts medium (10) in a 30-liter explosionresistant fermentor (New Brunswick Scientific Co., Edison, N.J.). The fermentor was inoculated with 2 liters of a culture grown in flasks. A gas mixture of 10% methane, 15% carbon dioxide, and 75% air was continuously sparged into the fermentor. The pH was maintained at around 7.0, and the dissolved oxygen was monitored during fermentation. The amounts of carbon dioxide and methane were analyzed in the offgas system with an infrared analyzer (Infrared Industries, Inc., Santa Barbara, Calif.) The fermentation room was equipped with an MSA model 511 combustible gas alarm system (Mine Safety Appliances Co., Pittsburgh, Pa.). The automatic safety shutoff was installed on the methane inlet line to the fermentor. source mainly contained particulate methane monooxygenase activity (29) . Now we have discovered that Methylobacterium sp. strain CRL-26 obtained by growth of organisms in a 30-liter fermentor contained methane monooxygenase activity mainly in the soluble S(80) fraction. Soluble S(80) fraction was used as the source of methane monooxygenase for examining the substrate specificity and for analysis of products.
Oxidation of n-alkanes by soluble methane monooxygenase. Methane monooxygenase catalyzed NADH2-and oxygen-dependent hydrooxylation of n-alkanes (Cl to C8 tested). Methane was oxidized at the highest rate. C2 to C7 alkanes were oxidized at comparable rates, but the rate of oxidation of octane was considerably lower. Both primary and secondary alcohols were produced from the oxidation of C3 to C8 alkanes ( Table 1) .
Oxidation of substituted alkane derivatives. The oxidation of substituted alkane derivatives was measured by following the utilization of substrate. Among monohalogenated methane derivatives, bromomethane and chloromethane were oxidized more rapidly than fluoromethane. Formaldehyde was detected as the product of chloromethane, bromomethane, and fluoromethane oxidation. 1-Nitropropane and 1-bromobutane were oxidized more rapidly than were 2-nitropropane and 2-bromobutane. The branched-chain alkane isobutane was oxidized to isobutanol and tertiary butanol. Trichloromethane oxidized more slowly than did chloromethane and dichloromethane. Carbon monoxide was oxidized to carbon dioxide by soluble methane monooxygenase (Table 2) .
Oxidation of alkenes. Methane monooxygenase catalyzed the epoxidation of the terminal alkenes ethylene, propylene, 1-butene, and butadiene to the corresponding 1,2-epoxides. Propylene was oxidized at the highest rate. Internal alkenes such as trans-but-2-ene and cis-but-2-ene were also oxidized. A mixture of trans-2,3-epoxybutane and trans-2-buten-1-ol was produced from trans-but-2-ene, indicating that both the internal double bond and the terminal methyl group were oxidized. Similarly, cis-but-2-ene was oxidized to cis-2,3-epoxybutane and cis-2-buten-1-ol. The branched-chain alkenes isobutylene and isoprene were oxidized to 1,2-epoxyisobutene and 1,2-epoxyisoprene, respectively (Table 3) . Substituted alkenes such as 2-methyl-1-butene, 2-methyl-2-butene, 1-bromo-1-butene, and 2-bromo-2-butene were also oxidized. The rate of oxidation was estimated by measuring the rate of utilization of substrate ( (Table 5) .
It has been reported that methanol in the presence of methanol dehydrogenase could act as an electron donor for methane monooxygenase systems (37, 38) . Methanol in the presence or absence of methanol dehydrogenase could not replace NADH2 as an electron donor for our enzyme (Table 5) .
Formaldehyde in the presence or absence of NAD(P)+ could not act as an electron donor for the soluble methane monooxygenase of Methylobacterium sp. strain CRL-26, indicating the absence of NAD(P)+-linked formaldehyde dehydrogenase activity to regenerate the reduced cofactor required for the monooxygenase. Formate in the presence of NAD+ acts as an excellent electron donor for the soluble methane monooxygenase of Methylobacterium sp. strain CRL-26 due to the presence of NAD+-linked formate dehydrogenase in the soluble extracts (Table 5 ). Secondary butanol in the presence of secondary alcohol dehydrogenase and NAD+ also acted as an electron donor.
Effect of pH and temperature on soluble methane monooxygenase. Activity for the epoxidation of propylene by soluble methane monooxygenase was observed in the pH range between 6 and 9, the optimum pH was about 7 (Fig. 1) . The optimum temperature was about 40°C (Fig. 2) .
Effect of inhibitors on soluble methane monooxygenase. It has been reported that the oxidation of methane by cell suspensions of methaneutilizing bacteria was inhibited by various metalbinding or metal-chelating agents (14, 24, 31, 38) . The hydroxylation of n-alkanes and the epoxidation of n-alkenes catalyzed by particulate methane monooxygenase were also inhibited by various metal-binding compounds such as a,o-bipyridyl, 1,10-phenanthroline, potassium cyanide, thiosemicarbazide, thiourea, and 8-hydroxyquinoline (29) .
A range of inhibitors were tested on the epoxidation of propylene by soluble methane monooxygenase (Table 6 ). Among metal-binding or metal-chelating agents, 1,10-phenanthroline and a,a-bipyridyl showed some inhibition. Thiosemicarbazide, thiourea, potassium cyanide, imidazole, and 8-hydroxyquinoline were not inhibitory. Among sulfhydryl agents, iodoacetamide and 5,5'-dithiobis-2-nitrobenzoate inhibited the epoxidation of propylene.
Stoichiometry. The stoichiometry of propylene oxide formed, NADH2 oxidized, and oxygen consumed during oxidation of propylene by soluble methane monooxygenase was approxi- (26) . Secondary alcohol dehydrogenase from Pichia sp. was purified as described earlier (28) . Carbon monoxide-binding cytochrome c from Methylobacterium sp. was purified as described previously by Tonge et al. (38) . Substrate competition. The presence of a hydroxylation reaction substrate (i.e., methane) inhibited (about 65%) the epoxidation of propylene by soluble methane monooxygenase.
Resolution of soluble methane monooxygenase. Soluble methane monooxygenase was resolved into three fractions by DEAE-cellulose chromatography. Fraction A does not bind to the column. Fractions B and C were eluted from the DEAE-cellulose column with 0.2 and 0.5 M NaCl, respectively. All three fractions were required for maximum activity (Table 7) . About 50% activity was obtained with fractions A and C, compared with 100% activity with fractions A, B, and C. Fractions A and B are dark brown and fraction C is yellow after separation by ionexchange chromatography. DISCUSSION Van der Linden demonstrated the production of 1,2-epoxides from 1-octene by cell suspensions of Pseudomonas sp. that had been grown on heptane (39). Epoxides were not detected as products of alkane metabolism and were not oxidized by Pseudomonas sp. Van der Linden (39) postulated that the enzyme system that forms epoxides may be the same as the system that catalyzes the initial oxidation of alkanes. Cardini and Jurtshuk (3) isolated a cell-free extract from a Corynebacterium sp. strain which carried out the epoxidation of 1-octene to epoxyoctane in addition to the hydroxylation of octane to octanol (3).
McKenna and Coon (22) demonstrated the hydroxylation of alkanes (C6 to C12) by an enzyme system derived from Pseudomonas oleovorans. Subsequently, it was reported that the enzyme system from P. oleovorans catalyzed the epoxidation of 1-alkenes (C6 to C12) in addition to the hydroxylation reactions (1, 21) . The enzyme systems from P. oleovorans (22) and Corynebacterium sp. (3) catalyzed the epoxidation of C6 to C12 alkenes.
Hydroxylation of methane by cell-free particulate fractions was demonstrated in obligate methylotrophs (9, 16, 29, 30) . NADH2 and oxygen were required for the hydroxylation reaction. Hydroxylation of methane by particulate fractions was inhibited by metal-chelating or metal-binding compounds (15, 16, 27, 29, 30) .
The particulate methane monooxygenase from Methylosinus trichosporium OB3b was fractionated into two proteins: a copper-containing protein with molecular weight 47,000 and a small-molecular-weight protein (9,400 molecular weight). These two proteins together with a soluble CO-binding cytochrome c (molecular weight, 13,000) are required for the hydroxylation of methane. The purified enzyme system required ascorbate or, in the presence of methanol dehydrogenase, methanol as an electron donor. NAD(P)H2 could not act as an electron donor. It was suggested that the immediate electron donor is the CO-binding cytochrome c, which in the purified enzyme system can be reduced by ascorbate but not by NAD(P)H2. The purified methane monooxygenase was highly sensitive to low concentrations of a variety of metal-chelating agents, cyanide, 2-mercaptoethanol, and dithiothreitol (38) .
In contrast to the particulate methane monooxygenase, Colby et al. (4) (5) (6) (7) reported a soluble METHANE MONOOXYGENASE FROM METHYLOBACTERIUM SP. um OB3b was found to be similar to that from Methylococcus capsulatus Bath.
We have reported the epoxidation of alkenes (14, 15) and the hydroxylation of alkanes (30) to ' \ secondary alcohols by cell suspensions of methane-utilizing bacteria. Secondary alcohols were further oxidized to methylketones by cell suspensions. The epoxidation of alkenes and the hydroxylation of alkanes were catalyzed c'ellfree particulate fractions derived from these methylotrophic bacteria (29) . We also presented evidence indicating that the epoxidation and hydroxylation reactions were catalyzed by a similar metal-containing monooxygenase. 
